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57 ABSTRACT 
Color image reproduction apparatus, including a video 
monitor and a computer-based workstation, provides 
for reading a color image from an input film and for 
writing a reproduced image on an output film. A plural 
ity of digitally operated look-up tables (LUTs), associ 
ated with the workstation, serve for transforming origi 
nal imaging data to a common color space (CIELUV 
L' u' v") and for transforming reproduced imaging 
data to different use-dependent RGB color spaces, e.g. 
video monitor, output film, etc. Output color image 
values stored in each LUT are computed off-line by 
means of a least squares algorithm applied to an input 
data set augmented by the second derivative of the 
function represented by the data set. 

4 Claims, 5 Drawing Sheets 

VIDEO 
MONTOR 

PERPHERA 
STORAGE 
Celluv) 

  

  

  
  



U.S. Patent Jul.10, 1990 Sheet 1 of 5 4.941,039 

NJ 
IS-1, 

) | | | | || 
| | | |\ | | | | | I) 

N--? / 

HICE 

U-H 
Nu-N 

2 

H- ) ) N. 
III (12. 
N-TINNA Y-1NU-1SN 

O 

4. I6 

FIG. I 

    

  

  

  

  



U.S. Patent Jul. 10, 1990 Sheet 2 of 5 4.941,039 

g 

3 

st 

S 

    

    

  

  

  



U.S. Patent Jul. 10, 1990 Sheet 3 of 5. 4941,039 

r 

(f) g8 vily WW IN3ONdigO 

  





U.S. Patent Jul. 10, 1990 Sheet 5 of 5 4.941,039 

SELECT LUT NODE 
VALUES FOR INPUT 
COLOR SPACE, *LUT 

LOAD INPUT AND 
OUTPUT COLOR 
TEST DATA (x/Y) 

GENERATE 
y"MATRIX, a 

GENERATE 
INTERPOLATION 

MATRIX, S 

GENERATE Q MATRIX 
BY ADONING NULL 
MATRIX TO Y MATRIX COMPUTE MATRX W 

BY ADJOINING a 
MATRIX TO SMATRIX 

USING LEAST SQUARES 
WITH SMOOTHING, 
TT (W 'W) W 'Q 

COMPUTE LUT 
NODE VALUES, Mr. 

FIG. 5 

    

  

  

    

  

  

  

  
  

  

    

  



4,941,039 
1. 

COLOR MAGE REPRODUCTION APPARATUS 
HAVING ALEAST SQUARES LOOK-UP TABLE 

AUGMENTED BY SMOOTHING 

CROSS-REFERENCE TO ARELATED 
APPLICATION 

Reference is hereby made to U.S. patent application 
Ser. No. 259,548 filed on Oct. 18, 1988 in the name of J. 
D'Errico and entitled COLOR IMAGE REPRODUC 
TION APPARATUS HAVING ADIGITALLY OP 
ERATED LOOK-UP TABLE CONSTRUCTED BY 
MEANS OF A LEAST SQUARES ALGORITHM. 

BACKGROUND OF THE INVENTION 

1. Field Of The Invention 
The present invention relates to color image signal 

processing. More particularly, the invention relates to 
the construction of a look-up table for transforming 
imaging information between non-linearly related color 
spaces. 

2. Description Of The Related Art 
In the following description of relevant background 

art, reference is made to FIG. 1, of the accompanying 
drawings, which illustrates generally a problem some 
times associated with the constructing of a look-up table 
(LUT) for non-linearly related variables. 
Color image reproduction systems known in the art 

permit an operator to edit the color and composition of 
a given image to form a reproduced image. For exam 
ple, U.S. Pat. No. 4,500,919 discloses an image repro 
duction system of one type in which an electronic 
reader scans a color image, which may be in the form of 
a transparency or a print, and converts it to an elec 
tronic image. A computer workstation and an interac 
tive operator interface, including a video display, per 
mit an operator to edit the image displayed. When the 
operator has composed a desired image on the video 
display, the workstation causes an output writer device 
to make an inked output that is intended to match the 
reproduced image composed on the video display. 

It is also known in the color image reproduction art 
to computer process color signals in digital form. Digi 
tal color correction can provide high accuracy, speed, 
and flexibility as well as relative immunity to noise. To 
those ends, U.S. Pat. No 4,346,402 teaches that color 
correction can be carried out by means of a digitally 
operated LUT for transforming color coordinate values 
from one color space to another color space. 
A LUT in color image reproduction apparatus can 

serve to transform a set of color imaging data (multiple 
independent variables) in one color space to a corre 
sponding set of color imaging data (one or more depen 
dent variables) in a different color space. For example, 
by mixing three input sources (independent variables 
)--a red (R), a green (G), and a blue (B)-almost any 
spectrum output parameter (dependent variable) can be 
obtained, such as the Munsell value, hue and chroma; 
the 1976 CIE color spaces CIELAB (L*a*b*) and CIE 
LUV (Luv'); etc. 
The specifications for Patches of material in a given 

color space are commonly derived via measurement 
and calculation using color test strips. Having the speci 
fications for an input color space, for example RGB, 
and corresponding specifications for an output color 
space, for example CIELUV (Luv'), the transform 
or functional relationship between the two color spaces 
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can then be defined by means of storing corresponding 
independent/dependent data values in a LUT. 

In the process of gathering test data to define a trans 
formation, however, certain colors may not have been 
produced on the test strips. In some cases, this may 
simply be due to missing data; in other cases, however, 
the film used for the test strips is not capable of support 
ing the full range of colors to be defined by the LUT. 
An input data set 10, illustrated diagrammatically in 

FIG. 1, used to generate a LUT, must be distributed in 
a way that the data supply information concerning all 
LUT nodal values, defined by the intersections of the 
horizontal lines 12 and the vertical lines 14. If there are 
"holes', denoted 16, in the data set 10, or if the data set 
does not "cover” the entire range of the LUT, as de 
noted by the peripheral region 18, it may not be Possible 
to construct a LUT for transforming information be 
tween non-linearly related variables. When, for exam 
ple, a LUT is constructed by means of a least squares 
algorithm, as taught in the aforementioned U.S. patent 
application Ser. No. 259,548, the least squares technique 
may be unsolvable (singular). This can happen even if 
there are more data points in total than there are nodes 
defining the LUT. 

SUMMARY OF THE INVENTION 

In view of the foregoing, an object of the invention is 
to construct, for color image reproduction apparatus, a 
digitally operated linear least squares LUT from an 
input data set, whether or not data in the set are distrib 
uted to supply information for all nodes defining the 
LUT. 
The LUT to be constructed is to store data represent 

ing the transform or functional relationship between 
two non-linearly related color spaces. By recognizing 
that such a function, although non-linear, is smooth, the 
second derivative of the function is, of course, small. 
This second derivative, however, contains additional 
information about the function that can supplement 
information contained in the input data set. This addi 
tional information serves to fill any information "voids' 
in the input data set so that information is provided 
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concerning all LUT nodal values. 
Accordingly, the object of the invention is accom 

plished by applying a least squares algorithm to the 
combination of the input data as well as data corre 
sponding to the second derivative of the function repre 
sented by the LUT. More specifically, the invention is 
achieved by applying a least squares algorithm to the 
combination of (1) a first array of data, S, relating a set 
of dependent variable values in the input data set to a set 
of dependent function values, bi, to be computed for the 
LUT, and (2) a second array of data, p, relating a set of 
values of the second derivative of the non-linear func 
tion, at selected nodal values of the LUT for the inde 
pendent variable, to the set bi of dependent values for 
the LUT. By applying a least squares algorithm, the set 
bi of dependent values for the LUT is computed from: 

b1=(STS-82p To) is TY 

where 
Y is the set of dependent values in the input data set, 
8 is a smoothing parameter that determines the rela 

tive weight to be given the two data arrays combined, 
and - 3 

ST represents the transpose of the Sarray, etc. 



3 
By adding second derivative information to informa 

tion in the input data set, it is possible to construct a 
least square LUT when the input data set fails to supply 
information concerning all LUT nodal values. This 
advantage, as well as other advantages of the invention, 
will become more apparent in the detailed description 
of a preferred embodiment presented below. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The invention will be described with reference to the 

accompanying drawings, wherein: 
FIG. 1 illustrates a problem sometimes associated 

with the constructing of a LUT for non-linearly related 
variables; 

FIG. 2 illustrates the distribution of a particular input 
data set relative to the range of a LUT to be con 
structed; 

FIG. 3 illustrates a LUT having nodal values con 
structed by applying a least squares algorithm, in accor 
dance with the invention, to the input data set of FIG. 
2; - 
FIG. 4 is a block diagram of color imaging apparatus 

that utilizes a series of LUTs, constructed in accordance 
with the invention, for transforming digital color image 
data between multiple color spaces; and 
FIG. 5 is a flowchart illustrating the construction of 

a LUT in accordance with the teachings of the inven 
tion. 

DETALED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

An object of the invention is to construct a linear 
least squares LUT from an input data set, whether or 
not the data set is distributed in a way that information 
is supplied for all nodes defining the LUT. More specifi 
cally, a linear least squares LUT is constructed whether 

4,941,039 

5 

10 

15 

20 

25 

30 

35 

or not there are "holes' in the data set corresponding to 
nodes of the LUT or whether or not the data set "cov 
ers' the entire range of nodal values defining the LUT. 

In a general sense, the object of the invention is 
achieved by adding information to the input data set by 
supplying values of the second derivative of the func 
tion represented by the LUT. More specifically, the 
object of the invention is achieved by applying a least 
squares algorithm to the combination 

(1) XOY-S6)2+82XY'2 where 
Y is an (nx1) vector of known observations (values) 

of a dependent variable of the function to be stored in 
the LUT, 
A is a (wx 1) vector of nodal values of the dependent 

variable of the function to be stored in the LUT, 
S is an (nxw) "interpolation" vector relating n obser 

vations of the vector Y to w values of the vector (3, 
6 serves as a smoothing parameter that determines the 

relative weight to be given the second term in the above 
expression (1), and 
Y" is the second derivative of the dependent variable 

Y. 
Since it will be useful later on in fully describing the 

invention, consideration will first be given to the way in 
which a least squares LUT is constructed. To that end, 
the aforementioned U.S. patent application Ser. No. 
259,548, the disclosure of which is incorporated herein 
by reference, teaches that a one-dimensional least 
squares LUT can be derived from a model in the form 
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. 4. 
where 

Y, S, and 6 are as defined hereinbefore, and 
e is an (nx1) error vector of the so-called residuals. 
The term "cell” means the "region' between and 

including an adjacent pair of nodes of the LUT. For an 
independent variable, x, a cell is defined by adjacent 
nodes (xi-1, x), (xi, Xi+1), etc. As taught in Ser. No. 
259,548, interpolation is a simple matter of first deter 
mining within which cell of a LUT a particular value of 
the independent variable, for example Xp, resides, e.g. 
xisxps xj+1. The extent to which the value xp "pene 
trates' its resident cell, denoted sp, is then computed 
from: 

A linear interpolation to find the value, yip, of the 
dependent variable corresponding to x, is computed 
from: 

where bi is the nodal value of the LUT for the depen 
dent variable corresponding to xi. 

Accordingly, interpolation within a cell of a one 
dimensional LUT is simply a linear combination of 
nodal values of the LUT defining the boundary for that 
cell, the node at the right boundary of the cell being 
weighted by the "depth-of-penetration's and the node 
at the left boundary being weighted by (1-sp). 
The sum of squares of the residuals, i.e. e=Y-SA, 

can be written as 

(Y-S6)T(Y - S6) 
YTY - 26 TSTY-- BTSTSB 

eT. e. 

where YT is the transpose of the Y matrix, etc. 
Ser. No. 259,548 further teaches that the least squares 

estimate of 3 is the value of a vector, b, which when 
substituted for the vector (3 (or 6T), minimizes the prod 
uct of the residuals, e.g., eT.e. The vector b is deter 
mined by differentiating eTe with respect to 6, and 
setting the resultant matrix equation equal to zero. 

In mathematical form, 

atc. = 0 = -2STY + STSB + BTSTS 
b=g 

Since STS6 and gTSTS are equivalent, substituting the 
vector b for g leads to the normal equations 

(2) b-(STS)-1STY 
The elements of b are linear combinations of the n 

observations of the dependent variable, i.e. y1, y2,..., 
yn, and provide unbiased estimates of the (wx 1) vector 
A. 
A problem may arise, however, with the above nor 

mal equations when the input data set, i.e. then observa 
tions (or values) of the dependent variable and their 
corresponding values for the independent variable, has 
"holes' or fails to "cover' the LUT, as illustrated in 
FIG. 1. If that is the case, the interpolation matrix S 
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may have one or more columns of all zeroes, and thus 
the inverse of STS, i.e. (STS), may not exist. 
To achieve the object of the invention, information in 

the input data set is augmented based on the assumption 
that the underlying function, y(x), defined by the input 
data, is smooth. When a function y is smooth, its second 
derivative, y', can be constrained to be small at all 
points. 

Consideration will now be given to the second deriv 
ative term in the expression (1), i.e. 8XY'2. The Appen 
dix of this application contains a detailed derivation 
showing that the second derivative of a function y' is 
approximated by: 

(3) 
t 2 - - - - J st hi-h(hi- 1 + hi) hiyi- 1 - (hi- 1 + h)yi + hi-Lyi- 1) 

where 

hi-1=xi-xi- and, of course, hi=xi-1-x.i. 

The above approximation of equation (3) is valid for 
unequally spaced nodes. For equal spacing, i.e. h =hi=- 
hi-1, a much simpler form is obtained: 

t 4. y ---D-i – 2y+y+1) (4) 

The above approximation for a second derivative is a 
simple linear combination of w nodal values of the LUT 
and can be modeled in the form: 

(5) y'apps where 
p is a matrix relating the linear combinations of the 

vector (3 to a vector of values for the second derivative 
of the function y. When y' is computed at only the 
interior nodes of a one-dimensional LUT, p becomes a 
matrix of size (w-2, w). 
The invention requires that a least squares algorithm 

be applied to the combination X(residuals)2+82X(y')2. 
This can be accomplished by rewriting the two summa 
tions using matrix expressions in terms of 6. In other 
words, substituting (Y-SE) for the residuals and pg for 
y', the above combination becomes of the form: 

(Y-S6)T(Y-Sg)+62(p6)T(p6) 

Expanding the above: 
YTY-YTse-gtsTY--gTsTSB-82g Tippe 

Since YTS6= {3TSTY, the expression becomes: 

To minimize the above sum (least squares), the afore 
mentioned vector b is determined by differentiating 
with respect to 6, and setting the resultant equation 
equal to zero. 

In mathematical form, 

O se -2STY-- STS8 -- 8TSTS -- 8 ppg -- 82g Tp to 

-2STY + 2STSg + 28ppg 
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using again STS6=f37STS, etc. Substituting the vector 
b for £3 leads to the normal equations augmented by 
smoothing: 

6 
(6) b=(STS-82p To)-1STY 
By adjoining the two matrices S and p, two new 

arrays are defined as follows: 

Vs -i- and 

i where O is a null matrix of 

where 0 is a null matrix of appropriate size. Substituting 
W and Q, equation (6) reduces to the standard form of 
equation (2): 

(7) b=(WTW)-1WTQ 
The technique of augmenting a least squares LUT by 

smoothing, in accordance with the invention, is illus 
trated by way of example for a simple one-dimensional 
LUT. To that end, a LUT having nodes at x={0,0,0.2, 
0.4,0.6,0.8, 1.0} is to be built for the underlying func 
tion y= x3. The corresponding values for the dependent 
variable are to provide an estimate for linearly interpo 
lated values. 
For this purpose, data are needed relating the depen 

dent variable y to the independent variable x. When the 
function is known, data relating the independent and 
dependent variables can be computed simply and di 
rectly from the function, i.e. y = x. For this hypotheti 
cal problem, however, it is assumed the underlying 
function is not known; moreover, for the purpose of 
illustrating the invention, an input data set is selected so 
that it has a "hole' and it does not "cover' the full 
range of nodal values, e.g. X=0,0,0,2,..., 1.0, defining 
the LUT. 

Accordingly, assume that the following sixteen (x, y) 
pairs of data are generated for the function y= x: 

X y = x: 
.21 00926 
.22 01.0648 
.23 02167 
.25 .015625 
27 ,019683 
.32 .033076 
357 045499 
37 050653 
39 0593.19 
.801.7 51527 
.823 55744 
.875 66992 
925 .79145 
937 82266 
.964 89584 
.99 9703 

In other words, Y, the (nX 1) vector of observations, 
consists of n=sixteen (16) values. Note, however, as 
shown in FIG. 2, the data set has a “hole" 16 extending 
between the nodal values of 0.4 and 0.8, and the data set 
does not “cover' the LUT below the nodal value of 0.2, 
as denoted by region 18. 

Relating the sixteen corresponding observation of x 
to the six independent nodes selected for the LUT, e.g. 
x=0,0.2,0.4,0.6,0.8, 1.0, the matrix S, i.e. the "interpo 
lation" vector (matrix), is calculated to be of the form: 
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O 95 0S 0 0 O 
O 90 10 0 0 O 
0 .85 .15 0 0 O 5 
0 75 .25 0 0 O 
O 65 .35 0 0 O 
0 .395 605 0 0 O 
0 215 .785 0 0 O 
0 15 .85 0 O O 

0 05 .95 0 0 O 10 
0 0 0 0 .9915 0085 
0 0 0 0 .385 .15 
0 0 0 O .625 .375 
0 0 0 0 .375 .625 
0 0 0 O 315 .385 
0 0 0 0 18 .82 15 
0 0 0 O .05 .95 

Note that the column corresponding to the node for 
x=0, and the column for the node x=0.6 contain all 
zeroes. This, of course, results from the lack of data (or 20 
information) at and around these nodes. Accordingly, 
the inverse of S, i.e. S-1, may not exist. 
The sum of y' is now taken over the interior nodes, 

i.e. X-0.2,0.4,0.6,0.8. For nodes equally spaced by 
0.2, e.g. h=0.2, the matrix p, from equation (5), be- 25 
COCS: 

25 - 50 25 0 O O 

to 25 -50 25 0 0 30 
o O 25 -50 25 0 
0 0 0 25 -50 25 

Knowing S, p, and 6, the matrix W, obtained by adjoin 
ing p to S, is computed to be: 

35 

0 .95 O5 O O O 
O 90 .10 O 0 O 
O .85 15 O O O 
0 .75 25 O O O 
0 .65 35 O O O 40 
0 .395 605 0 O O 
O 215 .785 0 0 

0 15 .85 O O O 
0 05 95 O 0 O 
0 0 O O 9915 0085 45 
0 0 O O .885 .115 
0 0 O 0 625 .375 
0 0 O O 375 625 
0 0 O O 315 685 

0 0 O O .18 .82 
0 0 O O .05 95 50 
258 - 508 258 0 O O 
O 256 - 508 258 0 O 
0 0 256 -506 2.58 0 
0 0 O 256 - 508 258 

55 
Note that by smoothing the data, i.e. adding the val 

ues of the second derivative of the function at the inte 
rior nodes, the matrix W, unlike the matrix S, has at 
least one non-zero entry in each column, so that the 
inverse of Wexists. In other words, by adding values of 60 
the second derivative of the function, to be represented 
by the look-up table, to data relating the series of depen 
dent values in an input data set to the series of depen 
dent values to be computed for the LUT, the matrix W 
exists even when the input data set has "holes' or fails 
to "cover' the range of the LUT. 
Knowing W and Q, the vector b, the augmented 

(smoothed) least squares estimates corresponding to 

65 

8 
x=0,0.2,0.4,0.6,0.8, 1.0, are computed from equation 
(7) and are found to be (arbitrarily choosing 
6=0.00000002): 

Xi bi y(xi) = x 
0.0 .051116 0.0 
0.2 .0035802 0.008 
0.4 0.058277 0.064 
0.6 0.20875 0.216 
0.8 0.50089 0.512 
1.0 0.98061 1.0 

The true values of the cubic x are included in the 
third column for comparison with the corresponding 
values of b. Note that the dependent variable b has 
values that are different from the corresponding "true' 
values for the cubic. 
FIG. 3 illustrates pairs of corresponding values (xi,b) 

for the LUT together with the input data set. Linear 
interpolation is represented by the respective slopes of 
the lines connecting adjacent nodes. Note, in particular, 
the slope of the lines connecting the nodes x=0.4,0.6 
and 0.8 to each other, where input data is non-existent. 
By using least squares augmented with smoothing, the 
values bi minimize any difference in the slopes of the 
straight lines common to a given node. In other words, 
the value of the second derivative at these nodes is 
relatively small since the rate of change of the slope of 
the "interpolating' line is small at these points. 
The above dependent parameters bi, obtained by least 

squares of the combination of sixteen pairs of data 
points and the second derivative of the function at the 
interior nodes, tend to provide an average error of zero 
for values of the dependent variable when interpolating 
between neighboring dependent values bi computed for 
the look-up table. In actuality, a LUT would have a 
finer grid and many additional pairs of input data points 
would generally be used. 
The invention serves advantageously for generating a 

LUT for use with color image reproduction apparatus. 
For that purpose, a LUT functions to transform a set of 
color imaging data (multiple independent variables) in 
one color space to a corresponding set of color imaging 
data (multiple dependent variables) in a different color 
space. For example, by mixing three sources (indepen 
dent variables)--an R, a G and a B-almost any spec 
trum color (dependent variable) can be obtained. 

It will be understood by those skilled in the art that 
the number of independent variables need not be the 
same as the number of dependent variables. It will also 
be understood that LUTS can be used in the reverse 
direction to transform input signals in one color space to 
output signals corresponding to R, G, and B. 
As referred to previously herein, the specifications 

for patches of material in a given color space are com 
monly derived via measurement and calculation using 
color test strips. Having the specifications for an input 
color space, for example RGB, and corresponding spec 
ifications for an output color space, for example CIE 
LUV (L'u' v), the transform or functional relation 
ship between the two color spaces can then be defined. 
There is a variety of publications relating to the trans 
forming of imaging data in one color space to imaging 
data in another color space. See, for example, THE 
REPRODUCTION OF COLOUR IN PHOTOGRA 
PHY, PRINTING AND TELEVISION, R. W. G. 
Hunt, published 1987 by Fountain Press. 
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When mapping between multivariant functions, the 
case for transforming between color spaces, individual 
cells of a LUT may be viewed as a multi-dimensional 
grid, the number of dimensions being equal to the num 
ber of independent variables. For example, with a 3- 5 
dimensional grid, each address in the grid has associated 
with it a triplet of numbers (64 triplets for a 4x4x4 
grid) representing a particular combination of indepen 
dent function values, for example R, G, and B transmit 
tance values. Similarly, each address in the grid has 
associated with a value for a particular dependent varia 
ble-L", u', or v for the CIELUV color space. Alter 
natively, each address in the grid may have associated 
with it multiple values representing a like multiple of 
dependent values of the LUT, for example, L", u' and 15 
v. In the latter case, the transformation of RGB to L, 
u", v' could be represented by a single LUT. 
As taught in Ser. No. 259,248, the use of a multi 

dimensional LUT is much the same as described previ 
ously for a one-dimensional LUT. For a three-dimen 
sional LUT, linear interpolation is accomplished, as 
before, by first determining the cell of the LUT in 
which the value of each independent variable resides, 
C-3. 25 

RisRSRi+1 

O 

20 

Gjs Gps Gi+1 

Bks BSBk+1 30 

For each independent variable, the depth of cell pen 
etration, SP, is computed as before: 

With a resident cell of a 3-dimensional LUT-the cell 
containing each of the three values of a given tri 
plet-may be normalized, and, in so doing, defined at its 
eight corners, denoted arbitrarily b111, b211,..., b222. A 
linear interpolation, to find for example the dependent as 
variable L' (or up' or ve") corresponding to the inde 
pendent variables R, G, B, is computed from: 

F(L) = (1 - SR)(1 - Sc)(1 - SB)b11 + 
SR(1 - Sap)(1 - SB)b211 + 50 
(1 - SRp)Sgt.(1 - SB)b121 + SRSG(1 - SB)b221 + 
(1 - SR)(1 - Sop)SBib112 + SR(1 - SGp)SBb212 + 
(1 - SRp)SgpSbpb122 + SRSGSBb222 55 

Note that SRp, Sap, and SBall lie, as with a 1-dimen 
sional LUT, between 0 and 1, and thereby (1-SR), etc. 
also always fall within the interval 0 to 1. Accordingly, 
except for the additional terms, an Smatrix for a multi- 60 
dimensional case is constructed in a manner similar to 
that of a 1-dimensional LUT. 
For the general case of constructing a 3-dimensional 

LUT for transforming RGB to a different color space, 
the 2-dimensional matrix S is of a size 65 

nX(mRmgnB) 
where 

10 
n is the number of corresponding pairs of known 

observations between RGB and a dependent variable 
RGB is to be transformed to, and 
mR, mo, and mB are the number. of addresses of the 

LUT selected for R, G, and B, respectively. 
FIG. 4 shows, in block diagram form, color imaging 

apparatus 30 that permits an operator to edit the color 
and composition of a photographic image to produce an 
aesthetically modified image. To that end, the imaging 
apparatus 30 employs a variety of LUTs, constructed in 
accordance with the teachings of the present invention, 
for transforming image data in one color space to data 
representing the same image in a different color space. 
An image scanner 32, having a light source 34 defin 

ing preferably a line of diffuse illumination, serves for 
scanning an image on a photographic film 36. For that 
purpose, the film 36 is mounted on a movable drum, 
table or the like (not shown) for stepwise movement in 
a line scan direction, preferably under the influence of a 
stepper motor (also not shown). 
A charge coupled device (CCD). linear image sensor 

38, arranged to receive a line of light modulated in 
accordance with the film image, includes an overlay 
comprising three parallel arrays of color filters-red 
(R), green (G), and blue (B). This "tri-linear" image 
sensor 38 further includes three corresponding Parallel 
output registers which are coupled, respectively, to an 
output of one of the color filter arrays. Thus, the output 
of one of the registers corresponds to an R signal, a 
second register to a G signal, and the third register to a 
B signal. 
Clock generating electronics 40 serves to control the 

CCD sensor 38 and to process its output signals to pro 
duce in a known manner a high-resolution signal corre 
sponding to the film image. The clock generating elec 
tronics 40 applies R, G, and B signals in digital form to 
a microprocessor-based workstation 46 for subsequent 
operations, such as editing the image and to provide a 
composite video signal for displaying the reproduced 
image on a video monitor 48. 
A tri-linear image sensor array and corresponding 

clock generating electronics of the type disclosed 
herein are the subject of U.S. Pat. No. 4,278,995 entitled 
COLORLINE SENSORFOR USE INFILMSCAN 
NING APPARATUS, assigned to the assignee of this 
invention and the disclosure of which is incorporated 
herein by reference. 
The microprocessor-based workstation 46 enables an 

operator to modify (color and/or composition) the digi 
tal signal image. To that end, the video monitor 48, 
which includes a frame store and a digital to analog 
(D/A) converter, serves to display an image corre 
sponding to R'G'B' signals Provided by the worksta 
tion 46. Operator control apparatus 52, preferably in 
cluding a keyboard and a mouse or tablet, enables an 
operator to interact with the workstation 46 to provide 
input information such as film type and film size and to 
provide image-manipulation commands pertinent to 
modifying the image displayed. An interactive worksta 
tion of this general type may be obtained from Sun 
Microsystems Inc., Mountain View, Calif. 
The workstation 46 preferably stores a representation 

of the image in a perceptually based color space. The 
aforementioned CIE 1976 (Luv') color space, com 
monly called CIELUV, is suitable for that purpose. 
The workstation 46 also has available to it color im 

aging data in R'G'B' space for driving a film writer 54 
which preferably is of the type disclosed in U.S. Pat. 
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No. 4,631,551, assigned to the assignee of the present 
invention. 
For accomplishing its functions, the workstation 46 

has-associated with it a bank of storage devices 56 that 
individually serve as a digitally operated LUT for trans 
forming image data in one color space to data represent 
ing the same image in a different color space. A first 
LUT 56a, for example, serves to transform original 
RGB image data, generated by the image sensor 38, to 
CELUV image data; LUTs 56b and 56c function, re 
spectively to transform CIELUV data to RGB video 
and RGB writer data, in accordance with the sensitivi 
ties of the monitor 48 and the writer 54 to their respec 
tive drive signals. A LUT 56d serves to transform CIE 
LUV data to RGB space. 
The transformations to be made are each a function of 

the particular photographic film employed (the film 
type read by the scanner 32 and the film type written 
onto by the writer 52). Accordingly, additional LUTs, 
only one of which is shown in phantom, are provided 
for each film type employed for converting from the 
appropriate RGB color space to CIELUV or vice 
Versa. 

To convert image data into a desired color space, the 
workstation 46, by means of a LUT select line 58, re 
trieves “transform” data from the appropriate LUT. 
One or more processing devices, denoted by a micro 
processor 60, perform, under Program control, both 
logic operations to retrieve data values from the correct 
addresses of the LUT selected and arithmetic opera 
tions for linear interpolation on the values retrieved. 
When a desired image has been composed on the 

video monitor 48, an operator may make a machine 
readable record of the image composed. To that end, a 
peripheral storage device 62, such as a magnetic tape or 
magnetic disk, functions to record image-bearing sig 
nals, preferably in CIELUV space, corresponding to 
the final image composed. 
A least squares LUT, augmented in accordance with 

the present invention, is constructed "off-line', as part 
of the manufacturing and assembly of a presently pre 
ferred embodiment of color imaging apparatus. To that 
end, a solid state read-only memory (ROM) or a mag 
netic disk serves as a suitable storage device for each 
LUT constructed. 
There are two factors to be considered initially in the 

construction of a LUT of a given capacity. The first 
concerns the space between neighboring values of a 
given variable. The number of nodes (or cells) actually 
used, i.e. LUT capacity, is determined, among other 
things, by the accuracy requirement of the LUT and the 
storage space available. 
A second factor in the construction of a LUT is the 

values to be assigned to each dependent variable based 
on the values of the independent variables selected. 
FIG. 5 illustrates generally, in flowchart form, the man 
ner in which a linear least squares algorithm augmented 
by smoothing is employed in computing the values for 
the set of dependent variables to be entered into each 
LUT. 

First, the number of nodes and the signal values for 
the independent variable (x) for such nodes are selected. 
A particular advantage of my invention is that the val 
ues selected for a given independent variable need not 
be equally spaced. Accordingly, in regions where a 
dependent variable is changing more rapidly with 
changes in a given independent variable, the spacing 
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between adjacent nodes can be smaller to reduce local 
ized interpolation errors. 
FIG. 5 also shows that the functional relationship 

between two color spaces is determined by using labo 
ratory test data. For example, a densitometer functions 
for reading R, G, and B density values from color test 
strips; spectrophotometric methods, known in the art, 
serve to provide the data needed to calculate corre 
sponding L", u", and v" values. Generally, the larger 
the set of off-line data values, the greater the accuracy 
of the LUT to be constructed. 

After the off-line data relating different color spaces 
are correlated, the aforementioned p matrix, relating 
values of the second derivative of the underlying func 
tion at interior nodes selected for the LUT, and the S 
matrix, relating to interpolated values, are computed; 
these two matrices are adjoined to compute the W ma 
trix; then, corresponding node values for each depen 
dent variable are computed, as a function of the W 
matrix and the matrix Q of observations (test data) of 
the dependent variable, e.g. (WW)-'W'Q. 
The invention has been described in detail with refer 

ence to the figures; however, it will be appreciated that 
variations and modifications are possible within the 
spirit and scope of the invention. 

APPENDIX 

Using a Taylor series expansion, a smooth function, 
f(x), can be approximated by: 

where 
f=f(o), and 
f' is the first derivative of the function f(x) at x=0, 

etc. 
Using 

hi-xi+1-xi 
0=xi-xi 
-hi- 1 =xi-1-xi, and defining 
f(h)=f-1, 
f(o)=fi, and 
f(-hi- 1)=fi-1, then 
fi-1sfi--f"hi-- 

fi=fi, and 
fi-1sfi-f'hi-1- 

hill 
f"--. 

It follows that, 
(1) fi- 1 -fisfahi-- 

and 
(2) fi-1-fis-fhi-1+ 
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Multiplying equations (1) and (2) by hi-1 and hi, 
respectively, and adding the resultant products to 
gether: 

hi- (fi. 1 -fi) -- h(ft- -fi) = f' (4. - 

2 
?' such ho hif- 1 - (hi-1 + hi)f + hi-fi-l 

15 

For equal intervals, hi-1=hish, then 

J." -- V-1 - 2? + fi: ) 
20 

fo" --- fi-1 - 2fi + fill 

What is claimed is: 
1. In imaging apparatus including an input device 25 

adapted to produce a multivariate signal representing an 
input image, a look-up table characterized by a series of 
discrete multivariate input signal values that are func 
tionally related in a non-linear manner to a correspond 
ing series of discrete reproduction signal values repre- 30 
sentative of useable output image information, and elec 
tronic computer means coupling said input device and 
said look-up table, for linearly interpolating between 
neighboring multivariate signal values in said look-up 
table in accordance with an actual multivariate signal 
provided by said input device, to compute a reproduc 
tion signal relating to an output image actually to be 
used, wherein the improvement comprises: 

the discrete reproduction signal values, bi, in said 
look-up table are computed by means of a least 
squares algorithm applied to the combination of (1) 
a first array of data, S, relating a series of values, Y, 
of a dependent variable of an input data set to the 
series of reproduction signal values to be computed 
for said look-up table, and (2) a second array of 45 
data, p, relating a series of values of the second 
derivative of the non-linear function represented 
by the input data set, evaluated at selected input 
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signal values, xi, of said look-up table, to the series 
of reproduction signal values for said look-up table. 

2. Imaging apparatus as defined in claim 1 wherein 
the least squares algorithm results in the series of repro 
duction signal values for said look-up table being com 
puted from: 
bi=(STS-82pTp)-1STY or its equivalent, where 8 is 

a smoothing parameter that determines the relative 
weight to be given the array of data p. 

3. In image composition apparatus including a scan 
ner for scanning a photographic film to produce a tris 
timulous signal representative of colors in the film, a 
3-dimensional look-up table characterized by a series of 
discrete tristimulous signal values and a corresponding 
series of discrete reproduction signal values which are 
functionally related in a non-linear manner to the series 
of tristimulous signal values and which are representa 
tive of colorants to be recorded on a particular photo 
sensitive medium, and electronic computer means, cou 
pling said scanner and said look-up table, for interpolat 
ing between neighboring tristimulous signal values in 
said look-up table as a function of an actual tristimulous 
signal produced by said scanner, to compute a repro 
duction signal relating colors in the film to colorants 
actually to be recorded on the photosensitive member, 
wherein the improvement comprises: 

the discrete reproduction signal values, bi, in said 
look-up table are computed by means of a least 
squares algorithm applied to the combinant of (1) a 
first array of data, S, relating a series of values, Y, 
of a dependent variable of an input data set to the 
series of reproduction signal values to be computed 
for said look-up table, and (2) a second array of 
data, p, relating a series of values of the second 
derivative of the non-linear function represented 
by the input data set, evaluated at selected input 
signal values, x1, of said look-up table, to the series 
of reproduction signal values for said look-up table. 

4. Image composition apparatus as defined in claim 3 
wherein the least squares algorithm results in the series 
of reproduction signal values for said look-up table 
being computed from: 
(STS-62p Tp)-1STY or its equivalent, where 8 is a 
smoothing parameter that determines the relative 
weight to be given the array of data p. 

st : : 
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